Abstract: Zn 0.5 Ni 0.5-x Co x Fe 2-y La y O 4 ferrites (with x ¼ 0, 0.02 and y ¼ 0, 0.02) were prepared by an industrial method using the standard ceramic technique and sintered at 1,250°C in air. X-ray diffraction (XRD) was used to obtain the phase formation of the NiZn ferrites. The microstructure of ferrites was investigated by scanning electron microscopy (SEM). The XRD reveals that lattice parameter (a) is decreased and a secondary phase (LaFeO 3 ) is formed in the La-Co co-substituted NiZn ferrite sample, meanwhile, the grain size (D) of this sample decreased obviously by observing SEM photographs. Vibrating sample magnetometry (VSM), B-H analyzer, impedance analyzer and electrometer were carried out in order to characterize some properties of the ferrites. This investigation indicates that, La-Co co-substituted NiZn ferrite sample has higher power loss (P cv ) than other samples at low frequency with an increase in coercive field (H c ) and magnetocrystalline anisotropy (K 1 ), a decrease in initial permeability (μ i ) and saturation magnetization (M s ). However, at high frequency, the power loss of La-Co co-substituted sample is low, which is attributed to high resistivity (ρ), small grain size (D), less number of Fe 2 þ ions and low porosity (P).
Introduction
As a group of magnetic materials, spinel ferrites have been widely utilized in various electronic industries owing to their high electrical resistivity, chemical stability, mechanical hardness and reasonable cost [1] [2] [3] . The chemical formula of spinel ferrites structure can be described as (A) [B] 2 O 4 , where A and B represent tetrahedral and octahedral sites [4] . Among the spinel ferrites, NiZn ferrites play an important role in high-frequency applications due to their high resistivity, low coercive field and low-eddy current losses, which chemical formula can be presented as (Zn x Fe 1-x )[Ni 1-x Fe 1 þ x ]O 4 [5] . NiZn ferrites have been commercially applied for many years in microwave devices, antenna rods, high frequency transformer cores, read/write heads and radio frequency coils [6] [7] [8] . In order to satisfy the further requirements for industry in high frequencies, some work about NiZn ferrites have been researched. Recently, many synthesis methods have been used to prepare NiZn ferrites, including sol-gel [9] , hydrothermal processing [10] , chemical co-precipitation [11] , salt-melt method [12] and refluxing [13] . These methods for preparing NiZn ferrites are known to have an advantage of small grain size and uniform mix powders. Moreover, it is general to utilize the standard ceramic technique [14] for producing NiZn ferrites owing to its low cost, simple production process and less environment problems in industry.
In the previous work, many kinds of substituents are substituted to improve magnetic properties and microstructure in the preparation of NiZn ferrites. It has been reported that NiZn ferrites has been investigated by substitution of some substituents such as Cr 2þ , Ca 2þ , Na þ , [22] . Therefore, in order to investigate the microstructure and properties of La-Co co-substituted NiZn ferrites, we have synthesized Zn 0.5 Ni 0.5-x Co x Fe 2-y La y O 4 ferrites (with x ¼ 0, 0.02 and y ¼ 0, 0.02) by the standard ceramic technique, and X-ray diffraction (XRD), scanning electron microscopy (SEM), vibrating sample magnetometry (VSM), B-H analyzer, impedance analyzer and electrometer have been employed.
Experimental procedure
The magnetic powders of Zn 0.5 Ni 0.5-x Co x Fe 2-y La y O 4 (with x ¼ 0, 0.02 and y ¼ 0, 0.02) were prepared via the standard ceramic technique, using the industry-purity NiO (99 wt%), ZnO (99 wt%), Fe 2 O 3 (98.5 wt%), La 2 O 3 (99.5 wt%), CoO (99.5 wt%) as raw materials. These raw materials were weighed and mixed, then milled in water for 5 h with an angular velocity of 200 rpm and a ball-to-power weight ratio of 8:1. The mixtures of powders were dried at 120°C for 10 h in an oven. After that the mixtures of powders were calcined at 850°C for 2 h in a muffle, and cooled in a furnace down to room temperature. Then the pre-calcined products were crushed. For the sake of improving the properties, CaCO 3 , SiO 2 , V 2 O 5 and Nb 2 O 5 were added to the pre-calcined products. Following the pre-calcined products were pressed into toroidal-shaped samples in an abrasive. The samples were sintered at 1,250°C for 3 h in a muffle, then cooled to room temperature. Sample codes were presented in Table 1 .
Crystalline phase and composition were identified by XRD with a Cu-K α radiation, and recorded for a 2θ range from 10°to 70°. XRD patterns were utilized to estimate their lattice constants. The microstructure was observed with a SEM (HITACHI S-4800). From SEM images the average size (D) was obtained. Saturation magnetization (M s ) and hysteresis (H c ) parameters were measured in a VSM at room temperature. B-H analyzer (IWATSU SY-8232) was used to measure the power loss (P cv ), hysteresis loss (P h ) and eddy current loss (P e ) of samples. The initial permeability (μ i ) was measured with a impedance analyzer (Agilent 4287A). At room temperature, the DC electrical resistivity (ρ) measurements were made by the two probe method using a electrometer (model HP-4140B).
Results and discussion XRD Figure 1 shows the XRD patterns for the ferrites samples. Samples A and B are single-phase NiZn ferrites with a spinel structure, indicating the absence of any other impurity phases with Co substitution. However, there is a secondary phase (LaFeO 3 ) in samples C and D. The secondary phase (LaFeO 3 ) was formed after the substitution of La 3þ in place of Fe 3þ in NiZn ferrites [25] . It can be explained that the radius of La 3þ (1.06Ǻ) is larger than that of Fe 3þ (0.64Ǻ) and a portion of La 3þ cannot enter into the lattice, so the redundant La 3þ will form the secondary phase (LaFeO 3 ) on grain boundaries.
The calculated values of lattice parameter a are displayed in Table 2 . It is observed that the lattice parameter Sample codes x y Constitute of samples Figure 1 : XRD patterns for the samples.
a of sample B increases compared to that of sample A. One possible explanation is that the radius of Co 2þ (0.72Ǻ) is larger than that of Ni 2þ (0.69Ǻ) which makes the lattice expand [23] . Compared to that of sample A, the lattice parameter a of sample C decreases, which was expected to increase considering the radius of La 
SEM
Typical SEM micrographs of samples are shown in Figure 2 . The average grain size (D) is calculated by the line intercept method and is tabulated in Table 2 . It can be seen that the average grain size of the unsubstituted ferrite . On the other hand, due to the secondary phase (LaFeO 3 ) on grain boundaries hinder the growth of grains, the grain size of sample C (Figure 2 (B)) decreases to 2.8 μm [28] . Meanwhile, the grain size of sample D (Figure 2(D) ) is between that of sample B and C, which is probably attributed to the co-substitution of La-Co leading to the growth of grains slowly, the symmetry of the crystal structure and the secondary phase (LaFeO 3 ). The effect of La 3þ and Co 2þ substitution on the porosity (P) of the prepared samples is observed in Figure 2 . The porosity of samples has been calculated using the following equation [29] :
where d is bulk density (Table 2) , D x is the X-ray density which has been calculated from XRD patterns. From Table 2 , we can see the sample D has the lowest porosity. The porosity formed between the grains, which decreased by substituting La 3þ and Co 2þ which results in the shrinkage of the crystal lattice, decrease in grain size and formation of secondary phase (LaFeO 3 ). However, the bulk density and porosity behave inversely. Therefore, it is found that the sample D has the highest bulk density (5.17 g/cm 3 ) and the lowest porosity (3.9%). 
When the smaller magnetic moments of Ni 2þ ions (2 μ B )
on B-sites are replaced by the higher magnetic moments of Co 2þ ions (3 μ B ), the magnetic moments of B-sites (M B ) increases. This induces saturation magnetization of sample B increases (in Table 3 ). The results are in agreement with the report by Nobuhiro et al. [31] . Table 2 ). Disordered spins increase with the decrease in grain size which causes the saturation magnetization to reduce [32] .
All samples exhibit high coercive field (H c ) values compared to sample A in Table 3 , meanwhile, the sample D exhibits the highest coercive field. The coercive field is a microstructure property; it mainly depends on the symmetry of crystal and size of grains [33] . On the one hand, CoFe 2 O 4 and NiFe 2 O 4 have an inverse spinel structure, so the substitution of Co 2þ results in the increase in K 1 . The coercive field can be written as the following relation:
In this relation, K 1 is the magnetocrystalline anisotropy (see Table 3 ). According to this relation, H c would increase with the increase in K 1 and decrease with the increase in M s . When x ¼ 0.02, further increase in K 1 than M s leads to increase in H c . The similar results have been reported by Li et al. [24] . On the other hand, La 3þ ions have stronger s-l coupling and weaker crystal field, so the symmetry of crystal is lower, which results in strong magnetocrystalline anisotropy, inducing the H c to increase. Moreover, the secondary phase (LaFeO 3 ) has a limit in the grain size (see Figure 2) . When the grain size decreases, the grains tend to be multi-domains, the H c starts to increase [34] . Therefore, the sample D has a higher coercive field (H c ).
Thermal variation of initial permeability (μ i ) Figure 3 correlates the thermal variation of initial permeability (μ i ) of samples with temperature in the range from -30°C to the Curie temperature (T c ). The initial permeability is expressed as [35] 
where M s is the saturation magnetization, K 1 is the magnetocrystalline anisotropy, λ is the magnetostriction coefficient, σ is the inner stress, a and b are constants.
As in Figure 3 (tested at 10kHz), all samples exhibit a ferromagnetic behavior that the initial permeability of samples slowly rise with temperature up to the Curie temperature (T c ) and drop to zero sharply. This is attributed to the K 1 decreases far more quickly than M s when temperature changes. According to eq. (4), μ i increases with temperature increases to the Curie temperature [36] . When the temperature over Curie temperature, the samples would exhibit a paramagnetism, so μ i falls sharply.
With a further observation to Figure 3 , it is noticed that, the Curie temperature (T c ) of sample D decreases with La-Co co-substitution. The T c mainly depends on and decreasing the ferromagnetic region [37] . In addition, Co 2þ substitutes Ni 2þ on B sites and the T c of CoFe 2 O 4 (525°C) is less than that of NiFe 2 O 4 (585°C) [38] . Hence, the T c decreases by substituting La 3þ -Co 2þ ions.
Frequency dependence of initial permeability (μ i ) Figure 4 presents the variation of initial permeability with frequency in the range from 10 kHz to 1 GHz. It is well known that the initial permeability of NiZn ferrites is related to two different magnetizing mechanisms: domain wall motion and spin rotation [39] . At lower frequency, the value of initial permeability is mainly contributed by domain wall motion. The domain wall motion is dominated by the grain size, and increases with the increase of grain size. Therefore, big grain size has advantage in initial permeability [40] . As increasing frequency, spin rotation makes a major contribution to the initial permeability. The spin rotation is determined by the chemical composition which is related to the magnetic superexchange interactions between A-sites and B-sites. At higher frequency, a higher initial permeability can be attributed to a reinforce of A-B superexchange interactions [41] . From the above parts we have known that the A-B superexchange interactions of sample D is the weakest. Hence, it has been indicated that the initial permeability is decreased for La-Co co-substituted NiZn ferrite (sample D) in the frequency of 10 kHz to 1 GHz. From Figures 3-4 we can observed that the value of initial permeability (μ i ) of unsubstituted ferrite (sample A) is larger than that of other samples. Relying on above analyses, a high initial permeability of sample A depends on chemical composition and microstructural modification such as grain size, magnetocrystalline anisotropy, A-B superexchange interactions, etc.
Resistivity (ρ)
The observed resistivity (ρ) at room temperature is summarized in Table 3 . It can be seen that the resistivity increases from 4.5 Â 10 6 to 9. boundaries are against the flow of electrons [43] . As a result, it is concluded that the resistivity increases with La-Co substitution. The power loss (P cv )
As we have known, the power loss (P cv ) usually can be divided into hysteresis loss (P h ), eddy current loss (P e ) and residual loss (P r ) in NiZn ferrites [44] . At low frequency (less than 1 MHz), the hysteresis loss (P h ) is much bigger than eddy current loss (P e ) and residual loss (P r ). So the power loss can be expressed as P cv ≈ P h. The hysteresis loss depends on microstructure, magnetocrystalline anisotropy, Saturation magnetization and coercive field, and it has an inverse proportion to initial permeability, i.e. P h / 1 μ 3 i . However, at high frequency (more than 1 MHz) P h would be neglected, the power loss is mainly attributed to the eddy current loss (P e ) and residual loss (P r ), i.e. P cv ≈ P e þ P r . The P e has been observed to decrease in NiZn ferrites with the increase in resistivity (ρ) and decrease in grain size (D), while the value of P r to be inversely related to the number of Fe 2 þ ions and the size of grains [45] .
The relationship between the power loss and exciting flux density (B m ) at 20 kHz of samples is shown in Figure  5 . According to the description in above part, the predominant factor in P cv is P h when the samples are excited at 20 kHz. Due to the effect of domain wall movement, the P h of samples increases as increasing in B m , which is in agreement with the observation in Figure 5 . It also can be seen that the sample D with La-Co substitution has the higher P cv . This behavior can be related to the fact that sample D has a smaller value of μ i , which leads to a higher P h . In addition, the sample D has smaller grain size and more grain boundaries, which induces the higher P h [46] .
Frequency dependence of P cv for samples at a condition of B m ¼ 10 mT is illustrated in Figure 6 . Less than 1 MHz, the sample D has the higher P cv , the similar result has been displayed in Figure 5 . As increasing frequency, the P cv of sample D is lower than other samples. We have known that the P cv can be regarded as the sum of P e and P r at higher frequency. Observed from Tables 2 and 3 , the sample D has smaller grain size and higher resistivity, which results in the lower P e . Furthermore, substituting La ions, which is beneficial to decrease P r . Consequently, with a lower P cv over 1 MHz, the sample D is suitable to applications in high frequency [47] .
Conclusion
The Zn 0.5 Ni 0.5-x Co x Fe 2-y La y O 4 ferrites (with x ¼ 0, 0.02 and y ¼ 0, 0.02) were prepared by the standard ceramic technique. The substitution of La 3 þ and Co 2 þ ions was found to affect the microstructure and some properties of NiZn ferrites. The XRD showed that the single phase with substituting Co 2 þ ions, but a secondary phase (LaFeO 3 ) has been formed with substituting La 3 þ ions. According to XRD patterns, it has known that the lattice parameter increases with Co substitution and decreases with La substitution. The observation from SEM photographs indicated that the grain size decreased with La and Co substitution, and the sample D with La-Co co-substitution obtained the smallest value of grain size. The magnetic properties for samples were influenced by substituting 
